Introduction
In recent times, luminescent phosphors have gained abundant interest in their production for their potential applications in the development of different luminescent display systems [1] [2] [3] [4] [5] [6] . Phosphor, based particularly on silicates, * E-mail: dejenebf@ufs.ac.za aluminates, germinates and other related oxides, are of more interest nowadays. Aluminates generally generate more defect-related traps when they are doped with rare earth ions. Several aluminate compositions are investigated and used as photoluminescence (PL), catholuminescence and plasma display panel phosphors for their high quantum efficiency in the visible region. Eu 2+ -doped phosphors usually show intense broad band PL with a short decay time of the order of tens of nanoseconds [7] . The emission of Eu 2+ is very strongly dependent on the host lattice and can occur from the ultraviolet to the red region of the electro-magnetic spectrum [8] [9] [10] [11] [12] [13] . This is because the 5 ↔ 4 transition is associated with the change in electric dipole, and the 5 excited state is affected by crystal field effects. Notably barium and strontium aluminates have been reported to be good host material.
In addition, research reports show that the exact composition of the starting mixture has important consequences for the afterglow behavior. A deficit of alkaline earths usually enhances the afterglow [14] , while an excess of barium in BaAl 2 O 4 :Eu 2+ , Dy 3+ can annihilate the persistent luminescence completely [15] .
In the present work, the blue-green phosphor Eu 2+ doped material barium aluminates were synthesized by means of a solution-combustion method. The main interest was to examine the variation of the emission intensity of the rare earth ion namely Eu 2+ doped in this BaAlxOy host matrix as a function of the Ba/Al molar ratio. The behavior of the persistent emission was also monitored. Furthermore, the structural and luminescence spectral results of the BaAl O :Eu 2+ phosphors for different Ba/Al molar ratios from the measurement of their X-ray diffraction (XRD), scanning electron microscope (SEM) and emission spectra are reported.
Experiment
BaAl O :Eu 2+ phosphor powders were prepared by the solution-combustion of the redox mixture in which metal nitrate acted as a oxidizing agent and urea as an efficient reducing agent without any flux material. To investigate the effect of different Ba/Al molar ratios on the structural and PL properties of theBaAl O :Eu 2+ phosphor, samples with different Ba/Al molar ratios of 6:100, 13:100, 19:100 and 26:100 were prepared under atmospheric pressure without post treatment. The doping concentration of Eu was fixed at 1% of Ba component. The solutions were prepared by dissolving various amounts of the nitrate precursors of each component and urea into distilled water. The resulting solution of stoichiometric composition was transferred into a china crucible, which was then introduced into a muffle furnace maintained at 500
• C for 5-6 minutes. The voluminous and foamy combustion ash was easily milled to obtain the final BaAl O :Eu 2+ phosphor powder.
XRD patterns of the synthesized samples were recorded on an x-ray diffractometer with Cu K α = 1.5406Å, which was operated at 40 kV voltage and 40 mA anode current. Data were collected in 2θ values from 20
• to 80
• .
The morphologies and size of particles were examined us- ing a PHI 700 Nanoprobe and a Shimadzu model ZU SSX − 550 Superscan scanning electron microscope (SEM), coupled with an energy dispersive x-ray spectrometer (EDS). Photoluminescence measurements were performed at room temperature on a Varian (Cary Eclipse) fluorescence spectrophotometer with a built-in 150 W xenon lamp as the excitation source and a grating to select a suitable wavelength for excitation.
Results
To examine variations in morphology and structural features of the phosphor powders dependence on bulk composition, various samples were prepared with different Ba/Al molar ratios. The prepared powder reflected the foamy and agglomerate particle nature of the powder. der shows voids and pores, which may be formed by the evolved gases during combustion. Obviously, the particle size of phosphor synthesized with Ba/Al ratio of 6:100 are smaller, depicting partially uniform nanorods ( Fig. 1(a) ) with diameters of approximately 50 nm. Typically, phosphor morphology of samples with Ba/Al molar ratio of 26:100 was dominated by the presence of mixture of nanorods and hexagonal platelets with well developed faces ( Fig. 1(b) ) with sizes that varied from 0.2 to 0.5 µm. Quasi-liquid interfaces are produced among crystal grains, and then the crystal grains reunite and result in the bigger particle size with well developed edges. The elemental analysis of the synthesized products was performed using the EDS technique and the measured patterns of 26:100 mole ratio sample is presented in Fig. 2 . EDS analysis was carried out mainly to confirm the presence of RE ions in the nanophosphors prepared. The existence of the little amount of doped rare earth active ions Eu 2+ in the samples is clear in their corresponding EDS spectra. There appeared to be no other emissions apart from Ba, Eu, O, Al, and C in the EDS spectra of the samples. The elements appear in ratios similar with the proportions mixed in the starting materials, which shows the advantage of the liquid combustion process in controlling chemical components. XRD patterns recorded for the BaAl O :Eu 2+ compositions with varying Ba/Al concentrations are shown in Fig. 3 . The results of x-ray phase analysis of prepared powders at 500
• C demonstrated that several crystalline phases are formed depending on the ratio of the main components. The XRD patterns show diffraction peaks of hexagonal Ba 2 Al 10 O 17 phase for samples with 6:100 molar ratios JCPDS No. 48-0442. With increasing Ba ions, the hexag- No other products or starting materials were observed for 26:100 molar ratios, implying that the small amounts of doped rare earth ions had almost no effect on the BaAl 2 O 4 phase composition. It is apparent that a good crystalline BaAl 2 O 4 powder could be obtained at lower temperature by liquid combustion process, which is lower than that required for the sol-gel method and the solid-state reaction method. Similar results were observed by our group for CaAl O :Eu 2+ persistent luminescence phosphors structural dependence on precursor compositions [16] . The luminescence spectra of BaAl O :Eu 2+ phosphors excited by UV light (λ = 325 nm) measured after removal of exposure source are shown in Fig. 4(a) . The emission spectrum of the Ba: Al molar ratio 6:100 exhibits red emissions peaks at 580, 594, 618, and 654 nm, which indicates an increase in the energy transfer efficiencies from Eu 2+ to E 3+ for small Ba: Al molar ratio. As the Ba: Al molar ratio increased to 13:100, 19:100, and 26:100, it is found that the intensity of the 580, 594, 618, and 654 nm emissions decreased significantly whilst the intensity of the blue-green broad peak increased. The emission spectrum for 26:100 mole ratio sample includes a broad and asymmetric band that lies between 440 nm to 620 nm with a half width of about 70 nm, indicating two luminescent centres belonging to the emission of 4 6 [17] . They are in good agreement with the results of Lu et. al. [18] . The analysis of this broad band with the Gaussian function for 26:100 (Ba:Al) mole ratio sample is shown in Fig. 4(b) . Two luminescence bands contribute to this broad band with the maximum at 495 and 530 nm. Therefore this band is actually composed from two emissions coming from Eu 2+ in two sites. The Eu 2+ ions substitute Ba at two different crystallographic sites (coordinated with nine oxygen ions) with an average Ba-O distances of about 0.297 and 0.289 nm. The smaller the length of the Ba-O bond, the more energy needed to accommodate the interstitial ion. Hence, the more stable the Ba site the less easily it is replaced with the Eu 2+ ion. Although 4 electrons of Eu 2+ are not sensitive to crystal lattice environments due to the shielding function of outer shell, the splitting of 5 −excitation level of Eu 2+ ion in solid-state compounds depends strongly on the strength of crystal field around Eu 2+ ion. It is clear that with increasing Ba ions, the hexagonal phase began to appear which tends to increase the transitions of Eu 2+ . Persistent luminescence curves of the phosphor powders are shown in Fig. 5 . It can be seen from the curves that the powders show long persistence when the powders were efficiently activated by fluorescent l amp. When the source lamp was switched off, the intensity of the persistence decreased rapidly and finally formed a stable long persistent emission. The Eu 2+ persistent luminescence is due to existence of suitable charge carrier traps in the crystal. Upon exposure to light source, the direct excitation of Eu 2+ due to 4 to 4 5 transition occurs, and a great numbers of electrons are generated near the conduction band. Some of these free electrons are released thermally to the conduction band, then migrate through the conduction band, and are captured by the traps. When the excitation source is removed, the trapped electrons are released thermally to the conduction band, then migrate to the excited Eu 2+ , and consequently, recombination takes place, which leads to the long afterglow. So, the long afterglow duration depends on the number of captured electrons. The numbers of captured electrons, in turn, depend on the concentration and the depth of traps. It is interesting 
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BaAl O :Eu 2+ doped with Eu 2+ ions, which correspond to phosphor powders with different Ba: Al molar ratios in Table 1 . The inset graph shows log of intensity vs time plot for the samples. shows a considerable afterglow, indicating that the presence of co-dopants is not imperative to obtain persistent luminescence [19] . The inset graph (Fig. 5 shows the log of intensity (I) vs time ( ) plot for the samples. Using the peeling-off procedure [20] , the ln I vs.
curves is split into minimum number of straight lines. The peeling-off procedure provides the input parameters, namely amplitude and decay constant of each exponential term required for fitting the experimental decay curve into summation of single-exponentials, using the equation: (1) where I represents the phosphorescent intensity; A 1 , A 2 and A 3 are constants; is the time; τ 1 , τ 2 and τ 3 are the decay constants representing the decay rate for the rapid, medium and slow exponential decay components, respectively. The possibilities of such triexponential decay are [21, 22] (i) a difference in the nonradiative probability of decays for lanthanide ions at or near the surface and in the core of the particles, (ii) an inhomogenous distribution of the dopant ions in the host material, which leads to the variations in the local concentrations, and (iii) the transfer of excitation energy from donor to lanthanide activators. The fitting results of parameters of τ 1 , τ 2 and τ 3 are listed in Table 1 . The results indicate that the initial luminescence intensity and the decay time of phosphors are enhanced with increase in Ba/Al molar ratios. The sample with Ba:Al molar ratio of 6:100 significantly enhanced the afterglow property of the red luminescence while that of 26:100 enhanced the blue-green colour phosphor.
Conclusion
BaAl O :Eu 2+ phosphors with varying Ba/Al molar ratios were successfully synthesized by the solution-combustion method. The minimum quantity of barium nitrate in the reactants slightly lowers the endothermic temperature (¡1000
• C) during combustion. As the content of barium nitrates grow, the endothermic effect is shifted toward higher temperatures (1000
• C) and becomes more complex and intense. The Ba/Al molar ratio of 26:100 is in favor of formation of the basic low-temperature BaAl 2 O 4 pure phase, which enhances the intensity of blue-green emission of the phosphor, while Ba/Al of 6:100 favors the Ba 2 Al 10 O 17 structure enhances the red emission. The particle size of the phosphor becomes nano-sized when the phosphor was synthesized with Ba/Al molar ratio of 6:100. PL characteristics and decay time investigated for varying samples also show that the Ba/Al ratios of 26:100 had the highest PL intensity and longer afterglow for blue-green emission. The position of the emission peak in blue domain does change slightly while that of red emission does not because the energy level difference of 4 −5 changed obviously. Thus, the luminescent center ions and the density of traps become large, which make the afterglow properties better.
